Early-life stress has been shown to disrupt the programming of the hypothalamic-pituitary-adrenal (HPA) axis which may have severe consequences in the development of neurological disorders later on in life. Prolonged early-life stressful events produce an exaggerated stress hormone response in the adult offspring. Chronic stress and elevated corticosterone levels have been found to exaggerate functional deficits and accelerate loss of dopamine producing neurons in a rat model of Parkinson's disease. We investigated the neuroprotective effects of caffeine on 6-OHDA lesioned rats that were exposed to maternal separation stress. We examined behaviour of animals before and after the infusion of 6-OHDA using the step and cylinder tests. We also measured dopamine concentration in the striatum, mitochondrial membrane potential in the striatum and the total antioxidant capacity in blood plasma. Maternally separated rats displayed an impaired ability to initiate movement in the step test and a decreased percentage impaired limb use in the cylinder test. In the rats that received caffeine these motor deficits were ameliorated. Maternal separation exaggerated the lesion caused by 6-OHDA injection. However, the neuroprotective effects of caffeine were evident in both the stressed and non-stressed rats as shown by the higher dopamine concentration and total antioxidant capacity on caffeine treated rats. Maternally separated rats had higher mitochondrial membrane permeability when compared to the caffeine treated rats. We therefore conclude that caffeine ameliorated the neurodegeneration associated with 6-OHDA injection in maternally separated animals.
Introduction
Stressors early in life have been shown to have enduring effects on the development of the brain [1] . Studies have shown that disruptions in the mother infant relationship increase corticotrophin-releasing factor (CRF) gene expression in the hypothalamus thus affecting the hypothalamic pituitary adrenal (HPA) axis [2, 3] . Chronic stress and elevated corticosterone levels have been found to exaggerate functional deficits and accelerate loss of dopamine producing neurons in a rat model for Parkinson's disease [4] . Maternal separation has been used as a model of chronic stress and repeated or long lasting periods of maternal separation during the stress hyporesponsive period (SHRP) have been shown to alter the stress response [5] . The SHRP is characterized by a low circulating basal glucocorticoid level and therefore maternal separation during this period reduces the sensitivity to glucocorticoid negative feedback [5] .
Parkinson's disease is a chronic neurodegenerative disorder of the basal ganglia which is mostly idiopathic in nature [6, 7] . This degeneration clinically manifests with motor symptoms which include bradykinesia, muscular rigidity, resting tremor and postural instability [8, 9] . Dopamine depletion in the nigral dopamine neurons is the hallmark feature which leads to clinical diagnosis of this disease [10] . Although Parkinson's disease is a typical movement disorder, there are many non-motor symptoms associated with the disease which greatly decrease the quality of life [11] . These include cognitive dysfunctions: sleep disorders, psychiatric symptoms such as depression and most commonly gastrointestinal dysfunction [11, 12] .
Currently, the only therapeutic drugs for Parkinson's disease are symptomatic and such treatments eventually fail. These include the famous L-DOPA treatment which causes drug related dyskinesias after prolonged use [13] . Disease modifying approaches that can slow or stop the progression of neurodegeneration are desperately needed. Many epidemiological studies have linked caffeine consumption with a reduced risk for Parkinson's disease [14, 15] . The dopamine agonist caffeine provides neuroprotection due to its ability to antagonize Adenosine A 2 A receptors which reduces adenosine transmission and reverses motor deficits [16, 17] . In the present study, we investigated the effects of caffeine on the lesion size of a 6-OHDA lesioned rat and whether caffeine provides neuroprotection in a postnatally stressed rat model for Parkinson's disease.
Materials and Methods

Animals
Forty four male Sprague Dawley rats were used in this study. All rats were obtained from the Biomedical Research Unit and kept under standard lab conditions. All procedures were approved by the Animal Ethics Committee of the University of KwaZulu-Natal (082/13/ Animal). On postnatal day 1, rats were sexed and curled into 6 male pups per litter, incase less than 6 pups, female pups were added to equalize the number of pups per litter. Food and water were freely available for the dams.
Maternal Separation
Rats were randomly divided into two equal groups (n = 22) each. One group was normally reared and the second group was maternally separated. The maternal separation protocol started on postnatal day 2 and lasted until postnatal day 14. During this period, the dam was removed from the home cage and placed in a cage with clean bedding. The home cage containing the pups was removed from the housing room and placed in a different room to prevent any form of communication between pups and dams. The separation protocol lasted for 3 hours (9 h00 to 12 h00). Room temperature was maintained between 31˚C and 33˚C. After the 3 hours, the cage with the pups was returned to the animal house and the dams were reunited with their pups. The daily light/dark cycle was 6 am to 6 pm. All cages were cleaned once a week. The rats were weaned on postnatal day 21 and kept 4 rats per cage until postnatal day 60 with food and water freely available.
Stereotaxic Surgery
Thirty minutes prior to 6-OHDA infusion, animals were injected with desipramine (15 mg/kg i.p, Sigma, Munich, Germany) a norepinephrine reuptake blocker which serves to prevent 6-OHDA uptake by noradrenergic neurons. Prior to the injection of 6-OHDA, the animals were anaesthetized with sodium pentobarbital (0.2 ml/kg i.p, Lakato, South Africa). To aid with respiration during unconsciousness, animals received atropine (0.2 ml/kg i.p, Sigma, Munich, Germany) before being placed in the stereotaxic apparatus (David Kopf Instruments, Tujunga, USA). All animals received 6-OHDA HCl (5 μg/4 μl dissolved in 0.2% ascorbic acid; Sigma, St. Louis, MO, U.S.A) infusion unilaterally (0.5 μl/min) using a Hamilton syringe into the right medial forebrain bundle (4.7 mm anterior to lambda, 1.6 mm lateral to midline and 8.4 mm ventral to dura) (Paxinos and Watson atlas). The infusion needle was left in the medial forebrain bundle for 1 minute prior to the infusion and for a further 5 minutes post infusion in order to allow time for the 6-OHDA to diffuse into the tissue before being slowly retracted from the brain. Post infusion, the burr-hole was closed with silicon wax and the scalp incision was sutured. In order to avoid hypothermia, the rats were placed on a heating pad immediately after surgery and monitored until recovery. The rats were turned from time to time to avoid accumulation of body fluids on one side of the body. Following surgery, the animals were divided into four groups: non-stressed rats (NS), non-stressed rats that received caffeine (NSC), maternally separated rats (MS) and maternally separated rats that received caffeine (MSC) as shown in Table 1 . An hour after surgery, the animals that belonged to the caffeine groups were given their first injection of caffeine (20 mg/kg, i.p, Sigma, Munich, Germany). Once the animals had fully recovered, they were put in cages and taken to the home room. These rats were kept in the home room (two rats per cage) for two weeks (until PND 74) when the post lesion behavioural tests were done.
Behavioural Assessment
On PND 59, the day before stereotaxic lesion all the rats Table 1 . Showing treatment of the four groups, non-stressed rats (NS), non-stressed rats that received caffeine (NSC), maternally separated rats (MS) and maternally separated rats that received caffeine (MSC), n = 11 per group. were tested for forelimb use symmetry using the cylinder test and the step test. The same tests were repeated two weeks after lesioning (PND 74). After each test the cylinder and the floor were cleaned with 70% ethanol.
Forelimb Akinesia (Step Test)
Rats were assessed for initiation of movement using the step test. The rat was held in position such that the hindquarters and one forelimb (the limb not being tested) were suspended in mid air thus ensuring that the rat supported itself on one forelimb [18] . While held in this position, stepping movements were assessed for each forelimb along a ruler placed on the table and the length of the step taken was recorded. Three steps were taken for each forelimb and the mean was recorded as the length of step taken by each forelimb.
Forelimb Use Asymmetry Test (Cylinder Test)
Forelimb use during explorative activity was assessed using the forelimb use asymmetry test. The rats were individually placed in a transparent cylinder and behaviour was recorded by means of a video camera for 5 minutes.
We assessed the number of times the animals made independent and simultaneous use of the forelimbs for support, weight shifting movements along the walls and when landing following vertical exploration [18] . The final score was calculated using the formula: 
Sacrifice and Storage of Samples
Animals were sacrificed on postnatal day 75 using a guillotine. Trunk blood was collected into vacutainer tubes (coated with EDTA to prevent clotting). These tubes were centrifuged at 3500 rpm for 10 minutes at 4˚C in a refrigerated centrifuge (Z326, Lasec, SA). The plasma was transferred into eppendorfs then stored at −80˚C in a biofreezer. Immediately after decapitation the brain was removed and placed in frozen 0.9% saline slush before the striatum was dissected. The brain tissue was weighed and quickly frozen in liquid nitrogen before being stored in a −80˚C bio-freezer where it remained until the day of analysis. All the tissue processing was carefully carried-out on slush.
Neurochemimical Analysis
To validate our behavioural results and establish a neurochemical basis for the differences in behavior, dopamine concentration in the striatum was analysed by ELISA. The total antioxidant capacity in blood was also measured as an indication of cellular damage caused by reactive oxygen species.
Determination of Striatal Dopamine Levels
Dopamine concentration was measured in the striatum using a dopamine ELISA kit (RE59161, IBL Hamburg, Germany). The striatal tissue was thawed at room temperature and then 500 µl of EDTA-HCL buffer was added into each microcentrifuge tube containing tissue. The tissue was homogenised with a sonicator (CML-4, Fisher, USA) following which it was centrifuged at 3500 rpm for 10 minutes at 4˚C. The supernatant was pipetted into a new microcentrifuge tube before being stored at −80˚C until the day of analysis.
On the day of analysis all samples were thawed at room temperature. The protocol consisted of an extraction and quantification procedure. Both procedures were carried out on the same day.
Extraction: 20 µl of each standard, 20 µl of each control and 500 µl of each sample was pipetted into respective wells in the extraction plate. The standards and controls were then diluted with 500 µl bidistilled water to correct the differences in volume. All samples, standards and controls were extracted according to the manufacturer's instructions.
Quantification: Extracted standards and controls were diluted with 500 µl of release buffer. 100 µl of pre-diluted standards and controls and 100 µl of the extracted samples (without pre-dilution) were pipetted into respective wells containing 75 µl COMT Enzyme solution supplied with the kit. All samples, standards and controls were in duplicate. Optical density was measured with a photometer at 450 nm, 60 minutes after the stop solution was added. For the quantification of dopamine, 6 rats were used per group.
Total Antioxidant Capacity
We measured total antioxidant capacity in frozen plasma using the Oxi Select™ Total Antioxidant Capacity (TAC) Assay Kit (Cellbiolabs San Diego, CA). While thawing the plasma samples, uric acid standards were prepared by serial dilutions from freshly prepared 2 mM uric acid standard. 20 µl of the diluted uric acid standards and plasma samples were pipetted into respective wells in a 96 well microplate in duplicate. The reaction buffer was added into each well before mixing by gently shaking. Initial absorbance was obtained by reading the plate at 490 nm. To initiate the reaction, 50 µl of 1x copper ion reagent supplied with the kit was added into each well. After a 5 minutes incubation, 50 µl of 1x stop solution was added to each well. The plate was read again at 490 nm. To get the net absorbance, the initial reading was subtracted from the final reading and a standard curve using the standards provided was constructed. The concentration of each sample was extrapolated from the standard curve. The concentration was then multiplied by 2189 in order to obtain the copper reducing equivalents (CRE) since the assay is a copper based reaction. For total antioxidant capacity 4 rats were used per group.
Mitochondrial Membrane Potential
We used freshly dissected brain tissue to measure the mitochondrial membrane potential. For flow cytometric analysis, brain tissue was converted into a cell suspension and a cell count was done by means of haemocytometer to ensure that at least 1 × 10 6 cells were present in each sample tube for analysis. Cells were stained with JC-1 to determine the mitochondrial membrane potential. JC-1 is a membrane-permeable lipophilic dye that exists as J-aggregates in the mitochondrial matrix and as monomers in the cytoplasm. The tissue was analysed using FacsCalibur flow cytometer (Becton Dickenson, San Jose, CA, USA).
Statistical Analysis
The data was analyzed with the software program Graph Pad Prism (version 5) Non-parametric tests (KruskalWallis followed by Mann-Whitney U-test where significance was detected in order to compare all pairs) were used. Data are expressed as mean ± SEM. Differences were considered significant when p-value < 0.05.
Results
Step Test
For the step test, we analysed movement initiation in our 4 groups viz (NS, NSC, MS, MSC) n = 11 in all groups. In the results, unimpaired refers to the limb ipsilateral to the lesion. In both the pre-lesion (Pre) and post lesion (Post) tests all unimpaired limb had a similar step length (results not shown). Maternally separated rats had an impaired ability to initiate movement following 6-OHDA injection * (MS pre vs MS post p < 0.05; Figure 1 ). However, this impairment was ameliorated by caffeine injection ** (MS post vs MSC post, p < 0.05; Figure 1 ).
Cylinder Test
There was a stress effect as the maternally separated rats that did not receive caffeine (MS) showed a significant decrease in the percentage use of the impaired limb post lesion * (MS pre vs MS post, p < 0.05; Figure 2 ). There was also a caffeine effect as maternally separated rats that were treated with caffeine showed an improved ability in the percentage use of the impaired limb when compared to the maternally separated rats that were not treated with caffeine post lesion ** (MS post vs MSC post, p < 0.05; Figure 2 ).
Dopamine ELISA
There was a stress effect on dopamine concentration. Maternally separated rats had lower dopamine concentration in the lesioned hemisphere than the non-stressed rats * (NS right vs MS right, p ˂ 0.05; Figure 3) . The lesioned striatum of maternally separated rats had a decreased dopamine concentration when compared to the non-lesioned striatum ** (MS right vs MS left, p ˂ 0.05; Figure  3 ). There was also a caffeine effect in the lesioned hemisphere of the maternally separated rats as caffeine treated rats had higher dopamine concentration than noncaffeine treated rats *** (MS right vs MSC right, p ˂ 0.05; Figure 3 ).
Total Antioxidant Capacity (TAC)
Our TAC results showed both a stress as well as a caffeine effect on plasma total antioxidant capacity. Maternally separated rats had low TAC concentration than nonstressed rats following 6-OHDA lesion 
Mitochondrial Membrane Potential
There was a stress effect in the mitochondrial membrane potential analysis as the maternally separated rats had a significantly higher percentage cell death in the lesioned striatum when compared to the non-stressed rats * (NS vs MS p < 0.05; Figure 5 ). There was a caffeine effect as shown by the decrease in percentage cell death in the caffeine treated maternally separated rats when compared to the non-caffeine rats ** (MS vs MSC, p ˂ 0.05; Figure  5 ).
Discussion
6-hydroxydopamine is a well-known neurotoxin that has been widely used to create rodent models of Parkinson's disease [19, 20] . In our study we injected a preclinical dose of 6-OHDA whose effects were exacerbated by stress (our results show that 6-OHDA lesion alone did not show an effect on the average step length taken by rats using the impaired limb and on the percentage limb use of the impaired limb). Different doses of 6-OHDA injected into the brain produce different stages of this progressive neurodegenerative disease [19, 20] . When 6-OHDA is injected into the brain it is auto-oxidized and up-taken by catecholamine transporters where it then causes its effects [21] . 6-OHDA inhibits mitochondrial complex 1 resulting to decreased ATP levels and impairment of proton pumping resulting in a decrease in mitochondrial membrane potential which is the first step towards apoptosis [22] . In our study we used a preclinical (5 µl/4µg) dose of 6-OHDA injected into the right medial forebrain bundle which has been previously shown to produce a mild lesion [23, 24] . The injection of a mild dose of 6-OHDA did not produce an effect on the behavoiur and neurochemistry of the animals although there were noticeable trends.
However, in the presence of stress, our results showed that the injection of 6-OHDA caused a greater motor impairment. The presence of stress led to a much severe stage of Parkinsonism where motor symptoms were evident on behavoiural testing. An impaired ability to initiate movement and a decreased explorative behavior has been reported following the unilateral injection of 6-OHDA into the medial forebrain bundle [25] . This asymmetry has been associated with a decrease in dopamine concentration. Maternal stress has been shown to increase the risk of developing PD like symptoms in rodent models of PD by affecting the stress response which leads to a greater susceptibility to stress later in life [26, 27] . The stress hyporesponsive period (P2-14) in rats is very crucial for the proper development of the nervous system and hence disruptions during this period have been associated with an increased risk of developing psychiatric and neurodegenerative disorders later in life [28] . As shown by our results, maternal separation during the SHRP affected the proper development of the HPA axis and stress response which made dopamine neurons more vulnerable to the toxic effects of 6-OHDA [27] .
These changes in behaviour where supported by the changes seen in the dopamine concentration in the striatum, mitochondrial membrane potential and total antioxidant capacity in plasma. There was a substantial decrease in dopamine concentration in the lesioned striatum of the maternally separated rats when compared to the non-lesioned hemisphere and to the lesioned hemisphere of the non-stressed rats. Baseline glucocorticoid levels are lower than normal during the SHRP and therefore maternal separation during this period might have exposed the developing neural circuits to high concentrations of glucocorticoids and activation of glucocorticoid receptors (GRs), which subsequently modulates brain and behaviour in later life. Maternally separated rats had higher mitochondrial permeability when compared to the nonstressed rats as an indication of cell death due to apoptosis after the injection of 6-OHDA. In our study we also measured the total antioxidant capacity and our results showed that rats that were maternally separated showed a lower total antioxidant capacity compared to other groups. These results indicate an important role played by the introduction of stressful events like maternal separation in the development and progression of Parkinson's disease suggesting a greater risk of developing severe stages of the disease later in life following early life exposure to stress.
Parkinson's disease is clinically diagnosed when there is more than 80% dopamine neuron degeneration in the substantianigra [29] . Risk factors associated with Parkinson's disease include age as the major contributor; however, environmental factors have been shown to play a role in the development of Parkinson's disease [26] .
Caffeine intervention attenuated the toxic effects of 6-OHDA in the maternally separated rats. This caffeine effect was evident in the behavioural tests as well as in dopamine degeneration, mitochondrial membrane potential and total antioxidant capacity of caffeine treated rats. Caffeine treated rats had a higher dopamine concentration in the striatum compared to caffeine naïve rats. This is an important result as caffeine has been shown to attenuate the effects of neurotoxins in rodent models of Parkinson's disease [30] . Studies have shown that caffeine provides neuroprotection due to its ability to antagonize adenosine receptors and thus reduces adenosine transmission and reverse motor deficits [31, 32] . This was also shown in the mitochondrial membrane potential where caffeine treated rats had a lower percentage of compromised mitochondria while caffeine treated rats were not different from the negative control.
An inverse association between plasma total antioxidant capacity and neurological damage has been established [33] . Caffeine treated rats also showed a significantly higher total antioxidant capacity in plasma as compared to the non-treated rats. This may be due to the ability of caffeine to increase the production of antioxidants such as glutathione which has strong free radical scavenging properties as shown by Aoyama et al., [34] . Low antioxidant capacity indicated higher neurotoxin induced cell damage while higher antioxidant capacity was associated with low free radicals. It is important to note that caffeine effect was also present in the maternally separated rats. Our results show caffeine to provide neuroprotection in a stressed model of Parkinson's disease.
Conclusion
Maternal separation plays a major role in affecting proper development of the neurocircuitry. These disruptions early in life have enduring effects and predispose the rat to be particularly vulnerable to neurodegeneration later in life. Maternal separation exacerbated the effects of 6-OHDA as shown by the asymmetry on movement initiation, explorative activity supported by the reduced dopamine concentration and increased mitochondrial permeability. Caffeine and other dopamine agonists promise to be the breakthrough in the treatment of Parkinson's disease. Caffeine ameliorated neurodegeneration associated with 6-OHDA toxicity and its ability to ameliorate these effects in the maternally separated rats shows a possible neuroprotective effect of caffeine even in more severe stages of Parkinson's disease.
